Molecular dynamics simulations have been performed with the objective of understanding the phenomenon of nanoparticle aggregation. We have attempted to calculate the free energy associated with the interaction between two 38-atom gold nanocores, with attached passivating thiol chains, in a supercritical ethane solvent and in the vacuum, and without passivating chains in ethane at the critical density and twice the critical density. Our model differs from those used by others in that each gold nanocore is bound by a realistic metal potential that is not formally rigid. In the case of the passivated nanoparticles, we observe profound structural changes in the nanocores, which radically affect the nature of the interaction between them-to the extent that fusion of the two gold nanocores cannot be prevented under the conditions examined. Bare nanocores, on the other hand, do not exhibit much structural change until close contact occurs. The fused nanocores in the passivated and bare nanocore systems have significantly different morphologies. There is evidence that at higher solvent density, the interaction between bare nanocores is slightly repulsive.
Introduction
Nanotechnology shows every sign of becoming the leading technology of the twenty-first century (Feldheim & Foss 2001; Zhang et al. 2003) . The properties of materials on the nanometre scale differ significantly, and often qualitatively, from those of the corresponding bulk materials, and therein lies their potential for novel applications. The key issue for the materials scientist is how to explain these unexpected properties and, in particular, how to account for the interplay between structure, chemical characteristics, size and shape (Alivisatos 1996; Rao et al. 2000; Kelly et al. 2003) to produce novel behaviour. A prominent example arises in the science of metallic nanoparticles, in particular of gold, where new applications in the diverse areas of optics, catalysis, electronics and bioscience are possible if particles of a suitably narrow size distribution can be prepared (Feldheim & Foss 2001; Zhang et al. 2003) . A promising method for refining gold nanoparticles according to size is via selective precipitation in a passivated form from solution in a supercritical solvent, such as ethane or carbon dioxide (Clark et al. 2001; Shah et al. 2002) . Fine control of this process is afforded by the degree of control possible over the density of the solvent and passivation (by attachment of short-chained thiol molecules) reduces the possibility of the gold nanoparticles spontaneously fusing. Clearly, a fundamental understanding of the physical chemistry is required if the optimal performance of this process is to be achieved.
This work builds on our previous studies of the properties of bare and passivated gold nanoclusters as revealed by molecular simulation (Lal et al. 2004 (Lal et al. , 2006 . Here, we are concerned with the interactions that occur between two bare or two passivated nanoparticles in a supercritical ethane solvent and in vacuum, and we attempt a quantification of this by calculating the potential of mean force (PMF). Notwithstanding the computational difficulties of this attempt, it was thought that insight would be gained into the precipitation that occurs in the size-selective refinement process.
The subject of passivated nanoparticles has attracted a number of studies by computational scientists in recent years. Luedtke & Landman (1996 performed MD simulations of 140-, 201-and 1289-atom gold particles passivated with C 12 H 35 S ligands at saturation coverage. This work gave insight into the mode of assembly and the configurational structure of the passivating layer of the isolated particle and the particle on a graphite surface. They also established the packing of the 140-atom particles into a body-centred cubic superlattice structure at 300 K, predicted to transform into an face-centred cubic (fcc) structure at 350 K (Luedtke & Landman 1996) . Hakkinen et al. (1999) have reported density functional theory calculations on a 38-atom gold particle, passivated with 24 methyl thioate molecules, investigating its electronic structure, capacitance, energetics and charging behaviour. More recently, Yang et al. (2010) have determined the free energy of solvation of gold nanoclusters passivated with fluorinated thiol chains in supercritical carbon dioxide.
More closely related to the spirit and intent of our work, two groups have looked into the subject of the interactions that occur between passivated gold nanoparticles using simulation methods. Egorov (2005) devised a model for the nanoparticle interaction based on the classical density functional theory and Patel & Egorov (2007) performed molecular dynamics simulations similar in character to those presented there. Schapotschnikow et al. (2007a Schapotschnikow et al. ( ,b, 2008 , Schapotschnikow & Vlugt (2009) and Pool et al. (2007) have completed a comprehensive series of simulation studies, including a study of nanoparticle interactions (Schapotschnikow & Vlugt 2009) , that is also highly relevant. Much of what we report here for passivated nanoparticles partly confirms what these authors have found; however, our model is sufficiently different in detail to show effects not previously reported and shed additional light on the subject.
Description of the model
The descriptions of the gold nanoclusters, the passivating thiol chains and the solvent have been presented in considerable detail in our previous publications (Lal et al. 2004 (Lal et al. , 2006 . Here, in the interests of brevity, we provide only a brief outline of what was entailed in modelling the systems studied. The details of the inter-molecular force field, its construction, parametrization and justification may be obtained from the earlier sources.
The gold nanoclusters used in this work consisted of 38 gold atoms. Originally, these were constructed in isolation in the fcc structure with a truncated octahedral morphology consistent with theoretical predictions by Cleveland et al. (1997a,b) . However, the atoms were not confined to this structure in the simulations, which is an important distinction between this study and previous work. The interaction between the gold atoms was based on the density-dependent potential and parameters derived by Sutton & Chen (1990) . Two passivated nanoclusters of equal size were modelled in each simulation, which were held at a fixed distance apart, as measured by the separation between the centres of mass of the two gold nanocores.
Passivation of each gold nanocluster was achieved by attaching 24 linear C 12 alkane thioate molecules to the surface by the sulphur-gold bond. The molecule chains were represented by a coarse-grained, united-atom model, in which the CH 2 and CH 3 groups in the chain were reduced to single interaction sites. The values of various interaction parameters used in this model were due to Martin & Siepmann (1998) and Wick et al. (2000 Wick et al. ( , 2001 . This model is characterized by harmonic bond and bond angle potentials and dihedral potentials of a triple cosine form. With the exception of the gold-sulphur bonds, gold-gold interactions and interactions between bonded chain atoms, all non-bonded interactions in the model were described by the Lennard-Jones pair potentials. The important sulphur-gold bond was described by a Morse potential, the parameters for which were obtained from the work of Luedtke & Landman (1998) .
The solvent ethane molecule used in the simulations was modelled as a pair of covalently bonded united atoms representing the CH 3 groups. The parameters describing the bonded and non-bonded interactions between the solvent methyl groups were the same as those of the passivating chains (Martin & Siepmann 1998) . The system was overall charge neutral and no atoms were assigned an electric charge.
Computational details
The computations were performed using DL_POLY_2, a parallel MD code developed at Daresbury Laboratory by Smith et al. (2008) . The code has proved to be highly effective for simulating systems of complex, large, polyatomic molecules (Smith et al. 2002; Smith 2006 ) and was therefore very suitable for our purpose.
Simulations of pairs of bare or passivated nanoparticles were performed both in the vacuum and in ethane solvent in the supercritical regime. A range of temperatures spanning the critical temperature (304 K) was studied: from approximately 290 K to approximately 380 K. The basic experiment performed in all cases was to set a pair of passivated nanoparticles at a fixed distance apart and perform a molecular dynamics simulation of the pair in supercritical ethane solution, or in a vacuum, using constraint dynamics (Allen & Tildesley 1987; Frenkel & Smit 2002) to hold the nanoparticles apart at the set distance. The inter-particle distance constrained was the distance between the centres of mass of the two gold nanocores within the different nanoparticles. For both solvated and vacuum systems, a series of simulations at different inter-particle separations was performed, ranging from 40 Å down to 14 Å. All molecular dynamics simulations were performed in the NVE ensemble and the required temperatures were achieved through velocity scaling in the initial (equilibration) period of the simulations (10 4 time steps). Individual passivated nanoclusters were prepared by linking the 24 thiol chains to selected gold atoms on the surface (Lal et al. 2004) , with the initial positions of the sulphur atoms taken from the work of Cleveland et al. (1997b) . The passivated nanoparticles were then inserted, at the maximum separation distance, into the ethane solvent at the simulation critical density r c = 206 kg m −3 (Martin & Siepmann 1998) in a periodic cubic cell of volume 8.192 × 10 6 Å 3 . Strong overlaps between the nanoparticle and solvent atoms were reduced by extracting the appropriate solvent molecules. The final system had an ethane density of 201 kg m −3 . In molecular dynamics simulations starting from such structures, it was subsequently found that sometimes (though not at the larger separations) the thiol chains often broke away from the gold nanocores, indicating excessively high interaction energies between the nanoclusters. To prevent this, the Morse potential between the sulphur and gold atoms was initially strengthened by a factor of 10 and gradually diminished in strength over a series of simulations, of 10 000 time steps each, to the normal value, after which the chains were found to remain attached without artificial constraints.
A typical simulation of the passivated nanoparticles in solution started from this starting configuration and ran for 3 × 10 6 time steps, each time step being of magnitude 1 fs. The data from the first 10 6 time steps (which included the equilibration period) were discarded. Over the subsequent 2 × 10 6 time steps, data were collected at every time step for later analysis. The endpoint configuration of each simulation was used as the starting point for a new simulation, with a small reduction (1-2 Å) of the inter-particle distance at each stage.
The simulations of passivated nanoparticles in the vacuum were started from the end configurations of the solvated systems, with the solvent molecules removed. Each configuration was then simulated for 1.5 × 10 5 time steps, which included 5 × 10 4 time steps with temperature scaling. Then, an assessment of the temperature conservation was made and if any drift was detected, another simulation of 1.5 × 10 5 time steps was started from the endpoint. This procedure was repeated until a constant temperature was obtained. Subsequently, the system was simulated for 5 × 10 6 time steps. The data from the first 2 × 10 6 time steps were discarded and analysis was confined to the last 3 × 10 6 time steps, sampled at every time step.
Simulations of bare nanoparticles were conducted in a similar manner to the passivated cases. The main difference was that changes in the inter-particle separation were shorter (approx. 0.5 Å) at the shorter ranges.
An important objective of these simulations was the calculation of the PMF between the passivated nanoparticles. For this purpose, the SHAKE constraint dynamics algorithm (Ryckaert et al. 1977) employed to maintain the interparticle distance also conveniently returned the constraint force between the nanoparticles, which was averaged to provide the mean force used to determine the PMF. In each case, this was calculated over 2 × 10 6 time steps in the solvent and 3 × 10 6 time steps in the vacuum and integrated numerically as a function of the inter-particle distance to obtain the PMF. The statistical error for the mean force was determined using the blocking method described by Flyvbjerg & Petersen (1989) .
Results for passivated nanoparticles
We present our results in two forms. Firstly, in view of the richness of behaviour apparent in these systems, we give a qualitative description of what has been observed in the course of the simulations, with the aid of appropriate figures. Secondly, we present a more quantitative description based on our calculations of the mean force and the PMF between the nanoparticles, the interpretation of which is complicated by effects outlined in the qualitative description.
(a) Qualitative description
A graphical rendering of structures observed in the simulations of the nanoparticle pairs in solution (at 347 K) and in vacuum (at 290 K) is presented in figure 1 , for a selection of inter-particle distances. These figures exemplify characteristics that were seen to varying degrees in all the simulations undertaken.
In solution, at the largest inter-particle separations (38-40 Å) (e.g. figure 1a ), the nanoparticles do not appear to interact significantly with each other and appear much as we reported previously for isolated nanoclusters (Lal et al. 2004 (Lal et al. , 2006 . The chains generally take up conformations that spread out radially from the gold nanocores. In the lower temperature structures, however, there is some tendency for the chains to align with each other in associations of four or more chains, but this tendency is reduced or absent at the higher temperatures. Overall, the nanoparticles are roughly spherical in appearance at all temperatures studied. These effects are consistent with the solvation of the nanoparticle by ethane (Lal et al. 2004; Patel & Egorov 2007; Pool et al. 2007; Schapotschnikow & Vlugt 2009) . Within the nanoparticles, the gold nanocores are misshapen without the regular FCC structure or the truncated octahedral morphology of the original structure. This is further evidence that the forces generated by the chains via the Au-S bonds are sufficient to restructure the nanocore (Lal et al. 2004 (Lal et al. , 2006 .
In vacuum, at the largest separations (e.g. figure 1d ), the nanoparticles show distinct differences from the solution. In the absence of the solvent, the chains have a stronger tendency to align with each other. Indeed in all systems examined, the chains appear to form persistent associations resembling blocks. This property remained apparent at all temperatures studied, though at higher temperatures the blocks are more disordered. Within the nanoparticles, the gold nanocores possess an irregular shape, and there is evidence that the block alignment of the chains encourages the formation of flattened areas on the surface of the nanocore. However, this is not a form of faceting of a regular kind and the morphology of the nanocores is not in any sense symmetrical.
In the middle separation range (20-37 Å), the nanoparticles in solution show effects associated with the interaction between chains on opposing nanoparticles. At the longer ranges (35-37 Å) the chains are within touching distance, but tend Figure 1 . Merger of passivated nanoclusters in ethane solvent at 347 K, with inter-particle distances (a) 38 Å, (b) 20 Å, and (c) 14 Å and in vacuum at 290 K, with inter-particle distances (d) 35 Å, (e) 20 Å, and (f ) 14 Å. Colour scheme: black, gold atoms; light grey, sulphur atoms; mid-grey, CH 2 or CH 3 (united atoms).
to avoid contact. As the nanoparticles approach closer, chains enter the region between particles and align into blocks on each nanoparticle and then lie parallel to those on opposite nanoparticles, making an extended ordered block. There appears to be little apparent interdigitation of individual chains from opposite nanoclusters as was reported by Patel & Egorov (2007) . At the short end of this range (approx. 20 Å), the blocking of the chains appears reduced, the chains are pushed out of the inter-particle region and show a splayed arrangement around the line connecting the nanoparticle centres, as seen in figure 1b.
The behaviour of the nanoparticles for middle-range separations in vacuum resembles that seen in solution, but moderated slightly by the existence of the more strongly aligned blocks of chains attached to each nanocore. At the longer ranges, there is again no interdigitation of chains on opposite nanoparticles and, closer in, aligned blocks of chains from opposite nanoparticles tend to lie side-by-side in the inter-particle region (figure 1e). Here also, at approximately 20 Å, the chains splay out from the inter-particle region. In this range of interparticle separations, for both solution and vacuum systems, the gold nanocores possess non-regular structures. There is no indication that the separate gold nanocores influence each other directly and the morphology of each appears to be determined by the attached chains, which encourage a flattening of areas of the nanocore surface owing to alignment of the chains in blocks.
The results obtained for nanoparticle separations in the shortest ranges (14-19 Å) are markedly different from those obtained at longer ranges. In both solution and vacuum, at all temperatures studied, the same broad result is obtained. Once the inter-particle separation is reduced to 19 Å, the nanoparticles merge into one object, examples of which are shown in figure 1c,f . The merged nanoparticles are characterized by an elongated, fused, gold nanocore, with a remarkable degree of flattening and sometimes with a slight twist in the plane of flattening. Above and below the plane, the thiol chains stand perpendicular, with a high degree of order that diminishes at the higher temperatures. At low temperature, there are relatively few chains found lying in the plane of the nanocore, though incidents of this increase as the temperature rises. Overall, the structure is layered, with the gold nanocore sandwiched between two extended blocks of aligned chains. Examples of the merged nanocores are shown in figure 2. The graphics are colour coded to show that atoms have been exchanged between the original nanoclusters. This has consequences for the PMF calculations described below.
(b) The inter-particle forces and the potential of mean force
The average constraint forces that hold the gold nanocores at a prescribed distance were obtained as described in §3. The results for the passivated nanoparticles in ethane solution and in vacuum, over the full range of separations and temperatures studied, are presented in figure 3. (In this paper, the values presented of the force and PMF are for Avogadro's number of nanocluster pairs.) The plots for the solution and the vacuum are similar in appearance. There are only moderate changes in the inter-particle force in the range 40 Å down to 20 Å, where the error bars are often too small to observe. At separations less than 20 Å, there is a complete change in the character of the plot, which we associate with the merger of the pairs of gold nanocores. The variation in the average forces is considerably larger than the error bars in this region, and this may be taken as a sign that the structures are held in long-lived metastable states. The discontinuity evident in these plots at approximately 20 Å and the exchange of gold atoms between the formerly separate nanocores seen in figure 2 are signs that the systems have undergone an irreversible change at this point, which means that a potential mean force calculation beyond this point is not possible. The mean forces at separations larger than 20 Å are presented in the insets to figure 3. The variation in the mean force is again larger than the estimated errors, which suggest that much longer simulation times may be needed for an accurate account. In this context, it is probably significant that the higher temperature plots, where thermodynamic sampling is expected to be more efficient, show smoother variation as a function of separation. The most noticeable case is the simulation at 290 K, which is below the critical temperature. Nevertheless, numerical integration does at least provide an estimate of the PMF, which is presented in figure 4 . Significantly, the forces between the nanoparticles, which are always attractive, are substantially stronger in vacuum (from −0.6 to −3.5 kJ mol −1 Å −1 ) than in the solvent (from −0.2 to −1.5 kJ mol −1 Å −1 ) over the range of separations studied. The attraction also becomes weaker with increasing temperature. 
Results for bare nanoparticles
The studies of the bare nanoparticles were prompted by the observation that the simulations of approaching passivated nanoparticles in our study resulted in a fusion of the gold nanocores at short separations. This raised two issues of particular interest: the degree to which the thiol chains resist, or delay, the fusion of the nanocores; and the influence of the chains on the morphology of the final fused pair. Both issues are relevant to the degree of control that can be exerted in the processes of nanoparticle production. Our simulations of bare nanoparticles examined the fusion process in the ethane solvent at the supercritical density and at twice the supercritical density, over a similar range of temperatures as was examined for the passivated case (i.e. 290-372 K for the critical density studies and 290-384 K for twice the critical density).
(a) Qualitative description
The structures of the bare gold nanoparticles in ethane at the critical density and a temperature of 372 K are presented in figure 5 for a range of interparticle separations. The widest separation shown is 18 Å (figure 5a), in which the nanoparticles are distinct, separate objects. This is despite the fact that the corresponding passivated particles have fused at this separation. At a separation of 14 Å, the nanoparticles have evidently made contact. This event, which was first observed at 14.5 Å, occurs with a change in the morphology of the original nanoparticles. In particular, a 'bridge' of atoms is established in the inter-particle region and the merged object has a distinct 'dumbbell' shape. Further reduction in the separation distance to 13 Å (figure 5c) changes the overall shape to an approximate spherocylinder, with a roughly circular cross section, and continued reduction produces shapes that progressively approach an approximate sphere (figure 5d-f ). It is noteworthy that the morphology of the nanoparticles in the absence of the passivating chains is very different from the passivated cases. Essentially, the same behaviour was observed at other temperatures studied in ethane solvent at the critical density (288, 315 and 343 K), and at twice the critical density (293, 323, 353 and 384 K) . However, the separation at which the nanoparticles make contact is different in each case. It is apparent from figure 6 that the first contact is made at a larger separation in the higher temperature simulations than in the lower temperature simulations, perhaps reflecting the degree of mobility of the gold atoms at the highest and lowest temperatures, respectively. The qualitative differences between the merged nanoparticles in the passivated and non-passivated cases serve to emphasize the role of the chains in shaping the result.
(b) The inter-particle forces and the potential of mean force
The forces between the bare nanoparticles in ethane solvent are shown in figure 6 , at both the critical density (figure 6a) and twice the critical density (figure 6b). In both cases, there are marked discontinuities in the plots in the region 13-15 Å, which are associated with contact between the nanoclusters. It is noteworthy that the discontinuity occurs at different separations for different temperatures, whereas in the passivated systems, the discontinuity occurs at the same separation (approx. 19 Å) in all cases. As the separation distance decreases, the plots change from relatively smooth (with small error bars) to hugely fluctuating (with large error bars) after the contact point. As for the passivated cases, we associate the large fluctuations with metastable states caused by gold atoms rearranging between clusters. In these regions, the forces are generally strongly attractive, except at very short ranges (approx. 5 Å) for the critical density plot, when compression of the merged cluster probably occurs.
The forces between the nanoparticles at a longer range, prior to contact, are shown on an expanded scale in the inserts to figure 6. In general, the force is much weaker than in the passivated systems. At the largest separations, for both densities, the force is mostly repulsive beyond approximately 17 Å, except at temperatures 288 and 315 K at the critical density. A repulsive force suggests that, at this range, the nanoparticles prefer to remain separate. However, in all cases, the force becomes more strongly attractive at separations shorter than this, reaching an apparent maximum attraction at approximately 15 Å. At even shorter separations, there are indications that this attractive force becomes weaker, and in one case (T = 288 K, at critical density), the force again becomes repulsive, within computed error. However, in all cases, the trend of decreasing attraction is suddenly broken by a descent signifying the merger of the nanoparticles.
PMF calculations were also performed for the bare nanoparticles in ethane, using the force data for the larger separations, where merger of the nanoparticles has not occurred. The results are presented in figure 7 . The results confirm that, except for 288 and 315 K in the system at critical density, there is a potential barrier between the bare nanocores, which resists the merger of the two. The barrier appears to be stronger in the higher density system; being at most 2.5 kJ mol −1 at 323 and 353 K, while it is less than 0.5 kJ mol −1 in the critical density system at 372 K. Where a barrier exists, it occurs at a separation of approximately 17 Å. The possibility of there being a second barrier closer in, where the short-ranged attractive force is weakened (see above), is not realized in these plots. We have also undertaken a series of simulations of bare nanoparticles in a vacuum. The results show a small repulsive force exists between nanoparticles at the larger separations, which we attribute to centripetal contributions generated by the constraint of the nanoparticle separation, while not constraining the overall angular momentum. At shorter ranges, the nanoparticles merge, as expected.
Discussion
It is apparent that there are radical differences between the results obtained here and those reported by others who have also studied the interaction between passivated gold nanoclusters (Egorov 2005; Patel & Egorov 2007; Schapotschnikow et al. 2008; Schapotschnikow & Vlugt 2009) . The other studies show that the PMF is almost always positive at short range (except when the chain attachment density on the gold surface is low; Schapotschnikow et al. 2008) , indicating that the passivated particles are resistant to the fusing of the metal nanocores. This is evidently not the case here. However, our model differs in one key respect: the nanocores are not constrained to be rigid. It therefore seems probable that the main differences in behaviour arise from this distinction. We now explore this issue in more detail.
The first noticeable difference introduced by the flexible nanocores is the observed tendency to produce flattened areas of the nanocore surface, the effect of which is to enhance the propensity for the thiol chains to align with each other. We have noted the effect of the chain attachment on the nanocore structure before (Lal et al. 2004 (Lal et al. , 2006 . The behaviour of the chains on the metal surface has been shown by Pool et al. (2007) to be dependent on the curvature of the surface. On flat surfaces, when the chain attachment density is suitable, the chains form a layer with a common angle of alignment, but such an alignment is normally frustrated by surface curvature. Thus, it is plausible that the formation of flattened areas on the nanocore surface will enhance the chain alignment in these areas, with the energy gained offsetting that required to alter the nanocore structure. Such blocks of aligned chains appear in many of our simulated structures, though they are less apparent at the higher temperatures and are most apparent in the vacuum. The presence of solvent reduces the incidence of occurrence of such blocks.
The formation of blocks of aligned chains leads to a slightly different form of interaction between passivated particles from that seen by others. As the nanoparticles approach more closely, chains from opposite particles move into the inter-particle region. Patel & Egorov (2007) describe the interaction between opposing chains as interdigitation. However, the behaviour we observe is not well described by this term; we observe a lateral co-alignment of the aligned blocks on opposing nanoparticles (figure 1d).
The most radical difference between our results and those obtained by Patel & Egorov (2007) and by Schapotschnikow et al. (2008) and Schapotschnikow & Vlugt (2009) is that nowhere in the range of passivated nanoparticle separations studied are the forces between nanoparticles repulsive. As a result of this, the nanocores fuse into a single object once the separation is reduced below 20 Å. The expected behaviour is that, at small separations, the compression of the attached thiol chains would generate sufficient repulsion to stabilize the nanoparticle pair (Egorov 2005) . Clearly, this is not the case here, and what we see at short separations is that the chains move out of the inter-particle region ('splaying') and the metal cores are able to interact sufficiently strongly to overcome any repulsive forces the chains may generate.
That this does not happen when the nanocores are rigid is an interesting observation. In that case, the chains are unable to move away from the potential point of contact between the nanocores and represent an immoveable barrier. In our model, however, we have seen that the chains are able to restructure the nanocores, which allows the chains to move away from regions of high-configuration energy and thus expose the metal nanocores to contact. Significantly, the chains do not break away from the nanocores, which means they are strongly attached to the gold atoms that anchor them and are thus able to modify the morphology of the nanocores. On this evidence, it appears that the potential of Sutton & Chen (1990) used for the gold nanocores is not sufficiently strong to retain the nanocore morphology. However, we cannot rule out the possibility that changes in the surface density of the chain attachment points or in the bulk density of the solvent would not produce a different outcome.
The ability of the nanocores to undergo a radical structural change over the narrow range between 19 and 20 Å separation is interesting. The phenomenon resembles the jump-to-contact (JTC) that has been seen elsewhere (Pethica & Sutton 1988 ). In our simulations, this occurs on a time scale no larger than 2-3 ns, which represents the time scale on which large changes can occur in the structure of the nanocore. The end result of the fusion of the nanocores is a short nanowire; however, the overall form is far from the anticipated cylindrical shape (perhaps with radially distributed chains attached) and more resembles a flat strip, with each surface covered by a block of aligned thiol chains. Once again, the attached chains exert a strong influence on the morphology, and this exemplifies most strongly the tendency of the alignment of the chains to flatten the metal surface.
The JTC marks a point of failure in the calculation of the PMF. The contact allows the nanocores to exchange atoms, after which the inter-particle separation, defined by the centres of mass of the original sets of gold atoms, is no longer an appropriate coordinate to describe the phenomenon. Prior to this, however, the nanoparticles retain separate identities and the PMF obtained at distances greater than 20 Å is meaningful; indeed, at 20 Å separation, Patel & Egorov (2007) report a PMF of approximately −27 kJ mol −1 in solution at the critical density, which compares reasonably with our range of −40 to −50 kJ mol −1 for similar, but not identical, systems. It is also likely that prior to the JTC, the withdrawal of the nanoparticles will allow them to return to the structures seen at wide separations, i.e. the processes seen up to that point are reversible. After the JTC, the separation of the nanocores into their original pairs is highly unlikely, which is characteristic of a thermodynamically irreversible process.
Superficially, our simulations of bare nanoparticles in ethane solvent resemble the passivated experiments in that close approach of the nanoparticles results in an irreversible fusion of the two. However, in these systems, we do observe a potential barrier between the nanoparticles-at the higher temperatures in the system at critical density and at all temperatures in the system at the higher solvent density. These results suggest that the solvation of bare nanoparticles may be controllable purely through the solvent density, at least for nanoparticles of the size considered here. This result is somewhat counterintuitive since we have previously shown (Lal et al. 2006 ) that in the higher density system, the solvation of the bare nanoparticles is expected to be reduced. Thus, a possible barrier afforded by an excess of solvent molecules in the inter-particle region is not the explanation here.
It is interesting that for bare nanoparticles, the fusion of the cores happens when the calculated attraction between them appears to be weakening. This suggest that the inter-particle force is initially determined by a solvation effect, which on its own, might have stabilized the nanoparticle pair at some equilibrium separation in the region of 13-14 Å, but this is forestalled by the JTC, which occurs at a random instant owing to a temporarily favourable configuration of the gold atoms. This would explain the differences in the inter-particle separations at which the JTC occurs in the different simulations, and sets the time scale approximately 2 ns for the metastable state defined by the separate solvated nanocore pairs. In this context, it is perhaps significant that the JTC tends to occur later in the lower temperature systems.
It is noteworthy that the merged bare nanoparticles show markedly different morphology from the merged passivated nanoparticles and that they are able to approach to shorter separations before the JTC event occurs. JTC in the passivated systems occurs at approximately 19 Å, but is reduced to 13-15 Å in the absence of the thiol chains. This presumably happens because the gold nanocores are less spherical when the chains are attached, and this allows the separate surfaces to approach more closely for a given centre of mass separation. Given that the nanocores may also be significantly flattened, they may also be considerably stretched to make contact sooner than expected. Once again, prior to the JTC at 20 Å separation, our calculated PMFs in vacuum (−140 to −160 kJ mol for branched chains).
Concluding remarks
The simulation results presented here differ in a number of ways from those presented by others. Our simulations suggest that there is no free energy barrier preventing the merging of the passivated gold nanocores in solution in supercritical ethane, as least for clusters of the size we have examined. (There is however a free energy barrier between the bare nanocores in ethane solvent, which appears to be controllable through adjusting the density of the solvent.) However, our model is distinct from those used elsewhere in that the nanocores are not held rigid, but are allowed to change morphology in response to forces exerted by the thiol chains, and this apparently allows the nanocores to make contact and merge despite the surrounding chains. Given the reasonableness of our adopted force field model, it seems likely that these results are significant. Nevertheless, while indicating the importance of allowing flexibility in the nanocore structure, these results do not, in our view, invalidate previous work. The 38 atom clusters that form the nanocores in our work are at the smaller end of sizes that have been studied, and it seems unlikely that larger clusters will be as plastic in their behaviour. However, for detailed modelling in the future, it may prove essential to allow for some flexibility in the nanocores.
Our simulations have shown that the attached thiol chains have a strong influence on the morphology of the gold nanocores. This in turn affects the morphology of the merged nanocores, producing a flattened structure. It also appears to impose some directionality on the merger, as is seen in figure 2 , where it is clear that the flattened nanoparticles fuse edge-on. This suggests that a degree of control over the overall shape and growth direction of the final core is possible, given an appropriate choice of passivating chains.
